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Abstract The thermal expansion of tienoxolol has been
investigated by X-ray powder diffraction up to its melting
temperature. The data indicate that the expansion is
anisotropic and even negative in one direction of the unit
cell. The supramolecular structure formed by hydrogen-
bonds reflects that of a trellis, which explains the observed
behavior of tienoxolol crystals.
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Introduction
Most materials expand in all directions when heated; it is
usually explained in terms of increase of the interatomic
bond lengths with temperature [1]. This increase in bond
length is due to the anharmonicity of the potential energy
function [2, 3]: bond lengths and strengths affect the extent
of the thermal expansion (stronger bonds lead to steeper
and narrower potential wells, resulting in reduced thermal
expansion).
Unusual thermal expansion in crystals has recently
attracted more attention, because it is interesting from a
fundamental and a technological point of view. Materials
with a negative thermal expansion (NTE) in one, two of
even in all directions have the counterintuitive property to
expand on cooling [2–4]. NTE is generally considered to be
rare [4]. It has been observed in a small number of metal
oxides [5–9], metal–organic compounds [10, 11], metal–
cyanide compounds [12–14], in polymers [15–17], in water
[18], and very rarely for small organic molecules [19–23].
The underlying mechanisms for NTE are found to be
complex. NTE arises generally from supramolecular
structural mechanisms in inorganic materials [3]. The
NTE-behavior has been interpreted in terms of vibrations:
low-energy transverse phonon modes in minerals [2, 24],
libration in silicates [3], rigid unit modes in metal oxides
[8, 25–27]. In general, it can be stated that structural
flexibility is the key factor for NTE in inorganic com-
pounds: the geometric rotations (transverse vibrational
modes, libration etc.) of rigid units (polyhedra) dominate
the effect of chemical bond expansion (longitudinal
vibrational modes) [3].
For organic compounds, NTE appears to be even more
rare than for inorganic compounds. Very few papers have
appeared on this subject. As a result, mechanisms that
might give rise to such phenomena are poorly documented.
In the few publications that have appeared, NTE has been
interpreted in terms of torsional vibrations in polymers
[15], of ordering of water molecules in an organic crystal
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[22], and of cooperative movements involving the hydro-
gen-bond network in methanol monohydrate and in (S,S)-
octa-3,5-diyin-2,7-diol [19, 21].
NTE refers essentially to the decrease of the specific
volume of a substance as a function of temperature. This
may be a genuinely rare property. However, uniaxial NTE,
where only one of the cell parameter decreases with
increasing temperature, would be expected to be more
prevalent, in particular if the total volume actually
increases with the temperature. Nonetheless, barely any-
thing has been published on this subject either, whereas the
study of thermal expansion may provide a wealth of
information on the interactions between the molecules in a
crystal. It may lead to a better understanding of thermal
expansion in general and of the mechanisms behind
expansion and contraction.
Recently, the crystal structure of tienoxolol (TXL), a
molecule designed as a drug against hypertension by for-
mer UPSA Laboratories (Fig. 1), has been published [28].
In this paper, its thermal expansion up to the melting point
is presented. It is negative along one crystallographic axis
and the mechanism appears to be rather fascinating. The
interpretation of the expansion data in terms of intermo-
lecular interactions is discussed below.
Experimental
Tienoxolol samples
TXL samples were provided by former UPSA Laboratories
25 years ago. In the framework of an aging study the
impurities and crystal structure of TXL were obtained
recently (for details see [28]). It appeared that the impu-
rities of TXL after 25 years are noncrystalline, which can
be judged from the fact that the powder diffraction pattern
calculated from the crystal structure (CCDC-727239;
this crystal structure data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif) fully coincides with
the measured powder diffraction patterns [28]. Thus, the
powder diffraction patterns as a function of temperature
can be used to study the thermal expansion of TXL.
High resolution X-ray powder diffraction
X-ray powder diffraction was performed on a transmission
mode diffractometer using Debye–Scherrer geometry
equipped with cylindrical position-sensitive detectors
(CPS120) from INEL (France) containing 4096 channels
(0.029 2h angular step) with monochromatic Cu-Ka1
(k = 1.54061 A˚) radiation. For the measurements as a
function of temperature, a liquid nitrogen 700 series
Cryostream Cooler from Oxford Cryosystems (UK) was
used.
Ground specimens were introduced in a Lindemann
capillary (0.5 mm diameter) rotating perpendicularly to the
X-ray beam during the experiments to improve the average
over the crystallite orientations. For the temperature
dependent measurements in the range from 100 K up to the
melting point, the sample temperature was equilibrated for
about 10 min followed by an acquisition time of ca. 1 h.
The heating rate in between data collection was
1.33 K min-1. The lattice parameters were refined by the
Lebail fit method at different temperatures with the pro-
gram FullProf [29].
Isobaric thermal expansion tensor
The anisotropy of the intermolecular interactions can be
investigated with the isobaric thermal expansion tensor,
which is a measure for how the interactions change with
temperature [23]. It is a symmetrical second-rank tensor,
with nonzero eigenvalues on the diagonal a11, a22, a33
[30–36]. A small value for a tensor eigenvalue is com-
monly referred to as a ‘‘hard’’ direction, because it indi-
cates a small deformation, and a large value as a ‘‘soft’’
direction, because it indicates a large deformation.
For orthorhombic systems, the eigenvectors are parallel
to the mutually perpendicular crystal axes (a, b, c). The
eigenvalues aii are obtained from the cell parameters pi
(with i = 1, 2, 3) as a function of temperature (T) in
polynomial form and are given by the following
relationship:
aiiðTÞ ¼ 1
pi
dpi
dT
 
ð1Þ
with pi the lattice parameter at temperature T.
The anisotropy of the thermal expansion can be
expressed as a single value by the aspherism coefficient,
comprising the three coefficients of the thermal tensor
[30, 36–38]:
Fig. 1 Molecular structure of tienoxolol (C21H28N2O5S) [28]
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3
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1  3  a11a22 þ a11a33 þ a22a33ð Þ
a2v
s
ð2Þ
with avðTÞ ¼ 1V dVdT
 
and V the unit cell volume.
Results and discussion
Lebail fits of the XRPD data were used to determine the
unit cell parameters from 100 K up to 390 K, near the
melting point (Fig. 2, Tables S1 and S2 in Supplementary
Material). All the observed Bragg reflections have been
accounted for by the Iba2 structural model [28] at each
temperature, indicating that no phase transition occurs. The
eigenvalues of the thermal expansion tensor and a graphi-
cal representation of the tensor at 100 K can be found in
Fig. 3. The aspherism coefficient, calculated according to
Eq. (2), has an average value of 0.5, indicating that the
thermal expansion is anisotropic over the entire measured
temperature range (Fig. 3).
The thermal expansion along the b axis is negative
(Fig. 3) from 100 K to 390 K, but small in absolute values
Fig. 2 Cell parameters and
volume of tienoxolol as a
function of temperature and
their polynomial fits
Fig. 3 Tienoxolol thermal
expansion tensor eigenvalues as
a function of temperature and a
graphical representation of the
thermal expansion tensor at
100 K (Wintensor [41])
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in comparison to the expansion along a and c, therefore
globally the volume increases with temperature (Fig. 2).
The volume–thermal-expansion coefficient av is even
rather large (154 9 10-6 K-1 on average). It is about two
times larger than for ice Ih [18], 3 times larger than for
(S,S)-octa-3,5-diyin-2,7-diol [21] but about 3 times smaller
than for methanol monohydrate [19].
The major part of the expansion is along the a axis;
indeed the average thermal expansion coefficients are
about ?12.3 9 10-5 along a, -0.5 9 10-5 along b and
?3.3 9 10-5 K-1 along c (Fig. 3). The high value in the
a direction indicates the soft direction of the crystal, along
which the intermolecular interactions are weakest, high-
lighting the absence of hydrogen bonds along a [28];
consequently, in this direction, molecules experience only
weak van der Waals interactions.
The thermal coefficient along the c axis corresponds to a
small but constant expansion at all temperatures. It corre-
sponds to the linear infinite C(4) chains of N–HO
hydrogen bonds, which are the strongest hydrogen bonds in
the crystal, as can be concluded from the short bond
lengths [28]. The small value of the thermal expansion
coefficient confirms the strength of these hydrogen bonds.
a22, the expansion along b, is negative, and the crystal
shrinks on average with -0.5 9 10-5 K-1 from 100 to
390 K; however, it approaches -0.9a22, the expansion
along b, is negative, and the crystal shrinks on average with
-0.5 9 10-5 K-1 from 100 to 390 K; however, it
approaches -0.9 9 10-5 K-1 between 100 and 200 K.
Along the b axis, O–HN hydrogen bonds form a ring
[graph set assignment R2
2(10)] [28] that forms part of two
interlocked infinite zigzag chains of molecules in the ab
plane. Figure 4 shows the structural model at room tem-
perature in this plane. The infinite chains expand along the
a axis and shrink along the b axis, as if the system is a pair
of scissors or part of a trellis. Moreover, the examination of
the thermal ellipsoids of the heavy atoms highlights the
scissor motions (Fig. 5). This said, the carbon atoms of the
3 terminal methyl groups have the greatest magnitude of
thermal vibrations in the crystal structure, but they have
obviously more vibrational degrees of freedom (Fig. 5).
The hydrogen-bond structure is retained during the
temperature increase, because no phase change has been
observed; thus, there must be a concerted movement of
molecules to optimize the van der Waals interactions along
the a axis. The direction of maximal expansion is thus due
to the requirement of the structure to preserve a maximum
separation between the methyl groups. A similar geometry
and a similar mechanism have been reported in methanol
hydrate [19].
In the case of methanol hydrate, the thermal expansion
is discontinuous along one axis; indeed, a ‘‘kink’’ was
Fig. 4 The structure of tienoxolol in the ab plane at room temper-
ature. Solid crosses indicate the strong NHO hydrogen bonds
perpendicular to the plane. The red dotted line (dark gray in printed
version) indicates an infinite zigzag chain of molecules linked by
rings formed by rather weak OHN hydrogen bonds; the green dotted
line (light gray in printed version) indicates a second infinite zigzag
chain of molecules. The two zigzag chains are only linked by weak
intermolecular interactions. These chains expand laterally (along the
a axis) and shrink vertically (along the b axis) (Color figure online)
Fig. 5 Thermal-ellipsoid plot
of heavy atoms of tienoxolol in
the ab plane at room
temperature. Black arrows
indicate the movements of some
atoms giving rise to the scissor
motion
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observed around 140 K, which was interpreted as the onset
of a rapid reorientation of disordered water molecules and a
rotation of the methanol molecules [19]. In the case of
TXL, the process is continuous from 100 K to the melting
point, indicating the absence of such a disorder—order
mechanism.
Concluding remarks
The occurrence of uniaxial NTE in TXL has been identified
by the use of X-ray powder diffraction methods. It is a case
of rarely reported uniaxial NTE in pure organic com-
pounds. In TXL, as in many crystalline organic materials,
the individual molecules are held together by van der
Waals and hydrogen-bond interactions. Whereas expansion
of the weak van der Waals interactions occurs relatively
unhindered, the hydrogen-bond chains are positioned in
such a way that they facilitate expansion along the a axis
by contraction along the b axis. Another chain of strong
hydrogen-bonds functions as the main axis for the mech-
anism. This scissor or trellis effect has also been observed
in crystals of methanol monohydrate and of (S,S)-octa-3,5-
diyin-2,7-diol. Considering the role played by hydrogen
bonds in this particular mechanism of uniaxial NTE, it may
be possible that once more data becomes available on the
prevalence of (uniaxial) NTE in organic crystals, classifi-
cation schemes of hydrogen bonds such as the graph sets
introduced by Etter et al. [39, 40] will be able to provide
indications for the presence of NTE.
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